Phase polyphenisms are usually thought to reflect plastic responses of species, independent of genetic differences; however, phase differences could correlate with genetic differentiation for various reasons. Mormon crickets appear to occur in two phases that differ in morphology and behaviour. Solitary individuals are cryptic and sedentary whereas gregarious individuals form bands, migrate, and are aposematically coloured. These traits have been thought to be phenotypically plastic and induced by environmental conditions. However, there has been no previous investigation of the extent of genetic differences between solitary and gregarious populations of this widespread North American species. We sequenced two mitochondrial genes, COII and COIII, in samples of Mormon crickets from gregarious populations west of the continental divide and solitary mountain populations primarily east of the divide. Sequencing revealed two genetically distinct clades that broadly correspond with the solitary eastern populations and the mainly gregarious western populations. We used coalescent modelling to test the hypothesis that the species consists of two deep genetic clades, as opposed to a series of equally distinct populations. Results allowed us to reject the null hypothesis that a radiation independent of phase produced these clades, and molecular clock estimates indicate the time of divergence to be approximately 2 million years ago. This work establishes that the solitary populations found in the mountains on the eastern slope are part of a clade that is genetically distinct from the western populations, which are primarily gregarious, and the implications of this apparent correlation between phase and genetic differentiation are discussed. Heredity (2005) 95, 166-173.
Introduction
Phenotypically plastic traits that fall into discrete classes but do not reflect simple genetic polymorphism are often referred to as phase polyphenisms (Shapiro, 1976) . Solitary and gregarious phase polyphenisms are well known in swarming locusts (Orthoptera: suborder Caelifera), but also have been suggested in certain species of flightless bush crickets (katydids: Tettigoniidae) that can reach extraordinarily high population densities and migrate in bands (Cowan, 1990; Gwynne, 2001) . Phase polyphenism can arise in response to differing cues during development such as resource availability or density (Evans and Wheeler, 2001 ). In the desert locust Schistocerca gregaria, for example, population density mediates phenotypically plastic changes in juveniles (Sword and Simpson, 2000; Simpson et al, 2001; Sword, 2002) . Under high-density regimes, the locusts develop bright colouration patterns and form gregarious swarms. Such density-dependent phase polyphenisms may have evolved as adaptations to avoid predation pressures in desert locusts, with gregarisation enhancing the beneficial effects of aposematic colouration (Sword, 2002) . Selection on the extent to which phenotypic variation is determined by environmental cues can give rise to genetic differentiation. Although plastic traits themselves may reflect no underlying genetic differences, the degree of plasticity is genetically determined, can vary, and is therefore subject to selection. When selection favours increased plasticity, plastic traits show more variable responses to their environmental cues. Phenotypic variation can thereby influence genetic variation through genetic assimilation in a series of gradual shifts in the trait optima of plasticity (Waddington, 1953; Pál and Miklós, 1999) . Recent research has primarily focused on the environmental cues that induce phase polyphenisms in insects such as desert locusts; however, it is also important to study the genetic structure of such populations because of the potential influence that environmentally induced phase polyphenisms can have on genetic divergence.
Alternatively, phase polyphenisms could be genetically distinct if they result from or correlate with different evolutionary histories. For example, many insects show a dimorphism resulting from a trade-off between flight and reproduction (Dingle, 1985) . The grasshopper Chorthippus parallelus is normally brachypterous but occasional macropterous forms are found.
Two subspecies of this grasshopper differ substantially in how readily macropterous forms appear (Ritchie et al, 1987) , perhaps as a result of ecological differences in their evolutionary history. Hence, there will be a statistical association between morph and genetic differentiation that reflects history rather than a more direct association.
Mormon crickets (Anabrus simplex, subfamily Tettigoniinae) have a large geographic range covering nearly the whole of the western US (Gurney, 1939) . The species appears to display two distinct phases (Cowan, 1990) that have been assumed to be phenotypically plastic (eg, Gwynne, 1984) , but any potential genetic differentiation is unknown. Solitary individuals occur at relatively low densities and are cryptically coloured. They commonly inhabit mountain meadows and have been studied mainly in canyons on the eastern slope of the Rocky Mountains in Colorado (Ueckert and Hansen, 1970; Gwynne, 1984; Lorch and Gwynne, 2000) . Gregarious populations occur in various habitats in western North America and are larger and darker in colour than solitary individuals on the eastern slope (Gwynne, 1984) . Gregarious Mormon crickets undergo destructive mass migrations and are a major crop pest that can cause tens of millions of dollars in damage in one season (Dunkle, 2001) . There is also evidence of life history differences between solitary and gregarious populations (Bailey and Gwynne, pers. obs., 2004) .
The phases of Mormon crickets also differ in mating behaviour. Gregarious females observed in north western Colorado compete aggressively for matings, whereas males are choosy of mates. In contrast, solitary crickets on the eastern slope of the Rockies do not show this role-reversal in behaviour (Gwynne, 1981 (Gwynne, , 1984 . Field experiments (Gwynne, 1993) revealed that at high densities, hungry gregarious females are sexually competitive in order to obtain a nuptial gift, the proteinaceous spermatophylax that forms part of the tettigoniid males' spermatophore (Gwynne, 2001) .
These studies, in line with taxonomic work (Gurney, 1939) , assumed that solitary and gregarious Mormon crickets throughout the range comprise a single widespread species. However, distinct differences in size, colouration, behaviour and possibly life history, as well as the fact that solitary and gregarious populations in Utah and Colorado are usually separated by the North American continental divide, raises the possibility that the two forms have distinct evolutionary histories. Although solitary Mormon crickets can be found at high altitudes, the continental divide may be a significant impediment to gene flow in this flightless species, particularly for solitary individuals because they move less than gregarious individuals (Lorch and Gwynne, 2000) . Are there genetic differences between gregarious and solitary populations of A. simplex, or are the distinct differences in phenotype simply a phase polyphenism due to phenotypic plasticity? If there is genetic differentiation, how great is it?
To answer these questions, we sequenced two mitochondrial genes in Mormon crickets, focusing on individuals from gregarious populations close to previous study sites in Utah and north western Colorado and several solitary populations from the eastern slope of the Rockies. However, we also included two solitary populations found west of the continental divide, one of which was about 50 km from gregarious populations.
We tested the null hypotheses that (a) the gregarious and solitary populations in previous study sites show no genetic differentiation, and (b) genetic differences between populations within each phase are of equal magnitude. Phylogenetic analyses enabled us to reject both hypotheses. Moreover, the analysis uncovered two very distinct clades of Mormon crickets from the eastern and western slopes of the Rockies that broadly correspond to solitary and gregarious phase.
The population structure in Mormon crickets was further investigated using a nonphylogenetic method of inference. Coalescent modelling is a hypothesis-driven technique that can be used to test alternative evolutionary histories in organisms. Lineages are sampled backwards through a constructed genealogy of the populations in question, and hypotheses are tested by assessing whether the rate at which lineages coalesce deviates significantly from the rate predicted by evolutionary models (Rosenburg and Nordborg, 2002) . This technique has been used to address similar questions in several studies, including one of the montane grasshopper Melanoplus oregonensis found in the Rocky Mountains (Knowles, 2001) . Coalescent modelling can overcome problems with phylogeographic methods, mainly that the gene history derived from molecular markers may not match the organismal history, which is more likely to occur when examining closely related species or populations (Maddison, 1997; Rosenburg and Nordborg, 2002; Hey and Machado, 2003) . It is therefore a superior tool for analysing population structure: we tested the external hypothesis that the phylogenetic pattern observed is consistent with a deep subdivision broadly coincident with the solitary and gregarious forms, for example one that may have occurred during repeated glacial cycles, as opposed to population diversification from a common ancestor independent of phase. DNA extraction, amplification and sequencing DNA was extracted following the PureGene protocol (Gentra Systems, Minneapolis, Minn.), and quantified against known concentration standards. Forward and reverse primers C2-J-3279 and TD-N-3862, respectively, were used to amplify a 440 BP region of cytochrome oxidase II mitochondrial gene (COII), and forward and reverse primers C3-J-5014 and C3-N-5460, respectively, were used to amplify a 410 BP region of cytochrome oxidase III mitochondrial gene (COIII). Primer sequences were from Simon et al (1994) . PCR reactions were carried out in 50 ml volumes and contained: 0.2 mM each dNTP, 0.20 mM each primer, 1.5 ml 10 Â NH 4 reaction buffer, 1.5 mM MgCl 2 , 0.33 ml Biotaq DNA polymerase and 10-300 ng DNA template. The PCR profile for all reactions was: (1) 5 min at 921C initial denaturation, (2) 10 s at 921C denaturation, (3) 15 s at the annealing temperature (471C for COII and 461C for COIII), (4) 1 min at 721C extension, (5) 39 repeats of steps 2-4 and (6) 10 min at 721C final extension. PCR products were checked on 1.5% agarose gels and sequenced using a Beckman-Coulter automated sequencer. Raw sequences were edited and aligned using Chromas 2.12 (Technelysium Pty Ltd, 2001 ) and ClustalX 1.81 (Thompson et al, 1997) , respectively. Forward and reverse sequences were produced for each individual and aligned to reduce the likelihood of sequencing errors. Generally there was little discrepancy, although sequences were rerun if forwards and reverses did not correspond. All sequences corresponded in the end.
Materials and methods

Sampling
Phylogeographic analysis
We tried but were unable to sequence both COII and COIII in various outgroup species because of difficulties with PCR amplification. We have therefore included two tettigoniid species as outgroups: Ephippiger ephippiger (subfamily Bradyporinae) and Kawanaphila gidya (Zaprochilinae). Outgroups in the analysis were sequenced for either COII or COIII.
We used Modeltest 3.06 (Posada and Crandall, 1998) , in conjunction with PAUP* 4.0 (Swofford, 1998) , to assess which model of substitution was most suitable for these sequences, and the Tamura-Nei model with a gamma distribution shape parameter of 0.0937 was most appropriate. Instead of analysing sequences from both genes separately, we used the partition homogeneity test in PAUP* to test if the phylogenetic signals from the two genes were congruent. They were, so the two sequences were concatenated and analysed together. To align the outgroups with the concatenated sequences, we simply coded the absent gene as missing data. A maximum likelihood tree for the concatenated sequences was constructed in PAUP* (Swofford, 1998) using 20 replicates. A neighbour-joining tree with bootstrap values generated using 500 replicates was also produced in MEGA v.2.1 (Kumar et al, 2001 ) and compared with the maximum likelihood tree.
We divided our subsequent analyses into two categories: the first set was to test external hypotheses about whether genetic differentiation in our populations of Mormon crickets is coincident with phase, so these analyses were carried out independent of the structure found in the mtDNA phylogeny. The second set was carried out to generate summary statistics on the genetic clades uncovered in the phylogeny. These analyses therefore specifically addressed the structure found in the mtDNA phylogeny and were carried out independent of phase.
Coalescent analysis
Coalescent modelling can be used to evaluate the level of discordance between population histories and gene trees. One measure of this is Slatkin's s, which measures the number of additional parsimony steps in a given tree that are needed for the gene tree to correspond to the population history -denoted as a population tree -in which it is contained (Slatkin and Maddison, 1989; Knowles, 2001) . Therefore, instances of incomplete lineage sorting, called 'deep coalescences', cause greater discord between gene and population trees, which produces a higher s value.
Our null hypothesis was that the population structure observed in Mormon crickets results from population fragmentation independent of the phases, which would predict no significant genetic differentiation between populations grouped by phase. The alternative hypothesis is that the two forms reflect distinct evolutionary histories resulting from an older division within the species, for example due to glacial periods in the Pleistocene.
We used the program Mesquite v.1.0 (Maddison and Maddison, 2004) to test these two evolutionary histories. First, we created a star-shaped population tree with 10 branches that reflects the evolutionary history under the null hypothesis -a fragmentation independent of phase ( Figure 2) . Each branch represents one population that 
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NW Bailey et al we sampled. We then simulated 1000 gene trees within this population tree using neutral coalescence. To test the alternative hypothesis, we contained the simulated gene trees within a V-shaped population tree that had two deep branches representing a split between solitary and gregarious populations -the 'deep clade' tree ( Figure 3) . We used Slatkin's s to measure the discordance between the gene trees simulated in the null population tree and the alternative deep clade tree in which they were contained. Finally, we contained our reconstructed empirical gene tree produced in PAUP* within the deep clade tree and measured the discordance. If the s value of our reconstructed tree falls below 95% of the distribution of simulated gene tree s values, we can reject the null model in favour of the deep clade model. It should be emphasised that we did not test the relative timing of population divergence under these scenarios; here, we concentrate on only testing the particular hypothesis that there is a single large genetic subdivision broadly coincident with the phases of this species.
Separately, an overall nested AMOVA (populations nested within phase) was performed in Arlequin ver. 2.000 (Schneider et al, 2000) to assess the proportion of genetic variation that was distributed between the phases and among populations within phases, which might be expected to differ given the differences in movement.
Summary statistics
Two analyses were performed to generate summary statistics on the two clades uncovered by our phylogenetic analysis. We used the DNADIST v. 3.6 executable in PHYLIP (Felsenstein, 2004) to determine pairwise distance measures using a Jukes-Cantor correction between individuals in the two clades, from which we then calculated the mean percentage of sequence divergence between the clades following the method of Lunt et al (1998) . We extrapolated an approximate time since divergence from this information. To gauge differences in population structure within the two clades, a separate AMOVA was performed on each to compute the percentage of among vs within population variation, allowing us to assess whether differentiation among populations was greater within either clade. AMOVAs were perfomed in Arlequin ver. 2.000 (Schneider et al, 2000) .
Results
Phylogeographic analysis
The concatenated sequences from 37 individuals yielded an 850 BP fragment with 79 parsimony-informative characters and 20 discrete haplotypes. The topology of the maximum likelihood tree was similar to that of a neighbour-joining tree constructed in MEGA 2.1 (Kumar et al, 2001 ) using the Kimura-Nei model.
There are two noteworthy patterns in the tree, shown in Figure 4 . First, the samples fall out into two discrete clades that broadly correspond with phase: a central and eastern Colorado mountains clade of only solitary populations ('eastern' clade) and a clade of populations from west of the Colorado Rockies that is mainly comprised of gregarious populations ('western' clade). The Little Brush Creek solitary population (coded 'B') is the only solitary population that groups with the gregarious onesin the western clade. Despite this exception, an overall nested AMOVA indicated significant genetic differentiation between solitary and gregarious populations with 10.57% of the genetic variation distributed between the phases (P ¼ 0.02870.005). Second, compared to the western clade, there is more genetic structure in the eastern clade, where many populations form monophyletic groups and are supported by high bootstrap values. Branch lengths in the western clade are shorter, populations generally do not form monophyletic groups, and bootstrap support is low. Figure 5 shows the s values produced when we took 1000 gene trees simulated by neutral coalescence in our starshaped null population history model and contained them within the V-shaped deep clade model. The s value of our reconstructed empirical tree when contained within the alternative model was 3, indicated by the dashed line in the histogram. It falls below 95% of the distribution of simulated gene trees, so our empirical tree rejects the null hypothesis in favour of the alternative deep clade model.
Coalescent analysis
Divergence of geographic clades
The mean percentage of sequence divergence between individuals from different clades was 3.98, SD 70.43%. Figure 1 ). This starshaped tree models rapid fragmentation of an ancestor, with populations diverging independent of phase. We simulated 1000 gene trees within this population tree using neutral coalescence. 
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Given an approximate rate of sequence divergence of 2% per million years (Brown et al, 1979; Lunt et al, 1998; Grant and Miles, 2002) , divergence time for these clades is between approximately 1.78 and 2.21 million years ago.
Separate AMOVAs for each clade indicate that there is more differentiation within the eastern clade, with 80.86% of genetic variation attributable to between population differences, whereas in the western clade only 39.07% of the variation is between populations. Conversely, within population variation is lower in the eastern clade (19.14%) than in the western clade (60.93%).
Discussion
The broad genetic division between western (mainly gregarious) and eastern (solitary) Histogram of s-values generated when trees constructed using neutral coalescence in the null population model were contained within the alternative deep clade model. The s-value generated when the mtDNA gene tree for our Mormon cricket populations was contained within the alternative deep clade model is indicated by the dashed line.
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NW Bailey et al assumption that gregariousness in this species is a phenotypically plastic trait (Gwynne, 1993) . Our results show that there is a significant genetic division within A. simplex; populations on the east and west slope of the Rockies form two discrete clades. We raised two contrasting hypotheses regarding the nature of these clades and the phase of the populations comprising them. In one, populations differ without respect to phase whereas in the other, the phases represent or coincide with a deep phylogeographic split within the species.
Under the former scenario, we would have expected a phylogenetic analysis to indicate either complete panmixis or paraphyletic groups for each population over the whole species. However, our analyses reject the former scenario in favour of the latter; in the populations that we sampled, there is significant genetic differentiation between the phases and the phylogeographic history more strongly supports the second hypothesis. The division is not perfect, however, because the solitary Little Brush Creek population -sampled just 50 km from gregarious populations in the west -falls in the clade with all gregarious populations. Given that the data overall support a complex history behind the phases, incorporating plasticity, what does the genetic division suggest about the evolutionary history of the two forms?
Early origin of the division Based on the sequence divergence between the eastern and western clade, we estimate that the major clades diverged around 2 million years ago. Having diverged before the last ice age, they must have quite distinct evolutionary histories during which genetic differences have accumulated. Such differences may influence a range of traits, including the environmentally induced threshold influencing the switch point between alterative phases. In general, such switch points between alternative morphologies are known to be genetically determined and to evolve, sometimes rapidly (eg Tomkins and Brown, 2004 ). An alternative to our favoured hypothesis of differing thresholds between two genetically distinct forms is that the threshold remains similar but environmental conditions are 'fixed' between eastern and western populations. In addition to the genetic divergence, these clades differ in morphology and life history characteristics.
There is no formal agreed definition for subspecies (like species), but a working hypothesis is that subspecies should differ at numerous concordant traits yet lack reproductive isolation (Avise and Ball, 1990) . The continental divide is a site of numerous hybrid zones between subspecies (though see Swenson and Howard, 2004) . Our analyses indicate that the two clades within Mormon crickets have probably been evolving independently for around 2 million years, which is consistent with other studies of subspecific variation (eg, Hewitt, 1996; Lunt et al, 1998) and must have occurred over several glacial cycles. Indeed, many sister species of North American birds show less mtDNA divergence (Lovette and Bermingham, 1999; Lovette, 2005) . During periods of allopatry, genetic differences between eastern and western Mormon crickets could have accumulated either by genetic drift or via selection for variation in response to differing environmental cues. Further studies of Mormon crickets will be necessary to fully assess the level of divergence between these forms and over what geographic scale the division remains correlated with phase. A partial Mantel analysis of the data shows that, after controlling for isolation by distance, classification of samples as east or west of the continental divide is an almost significant predictor of genetic distance (P ¼ 0.056), whereas solitary vs gregarious classification is not. It is therefore likely that the genetic division results primarily from glacial refugia and the association with phase is less direct, reflecting the possible influence of plasticity in conjunction with phylogeographic history. Current studies are addressing this with more extensive geographic sampling and analyses of additional morphological and behavioural traits.
In our current samples, there is one interesting and important exception to the broad coincidence between phases and the deepest clade: the solitary samples from Little Brush Creek, UT cluster in the western clade. There are several possible explanations for this. Despite the general coincidence, exceptions are expected given the importance of environmental condition in any one year in generating a phase switch. This population might experience unusual local conditions, or have a particularly high switch point for becoming gregarious. Based on food-manipulation experiments, Gwynne (1993) concluded that courtship role reversal, seen in gregarious populations, is a result of low food availability due to high population density. Further support for the idea that food quality causes a switch in phase from solitary to gregarious comes from other studies of Mormon crickets and the desert locust Schistocerca gregaria (Gwynne, 1984; Simpson et al, 2001) .
Other possibilities include migration and or hybridisation. Gregarious bands of Mormon crickets originating in the west have been observed within 1 km of the Little Brush Creek site (Bailey, pers. obs., 2004) and if gregarious individuals strayed from their band and colonized the area, subsequent generations may have matured in conditions that were not conducive to gregarious band formation, for example, low density, high nutritional resources, etc., and become solitary. This could explain why there is virtually no genetic difference between the Little Brush Creek solitary population and all the gregarious populations. Alternatively, there may be a high level of gene flow into the Little Brush Creek population because gregarious Mormon crickets are by their nature very mobile. If no barriers to reproductive isolation exist between the two phases, bands of gregarious individuals from nearby may have interbred with Little Brush Creek crickets in the past. Although solitary Mormon crickets at Little Brush Creek reach reproductive maturity 4-6 weeks later than the gregarious ones nearby (Bailey and Gwynne, pers. obs., 2004) , once they are adults they may be capable of mating with migratory gregarious individuals later in the season.
Differences in population structure between eastern and western clades Separate AMOVA analyses indicate that populations in the western clade show much less genetic structure than populations in the eastern clade. This is not surprising because gregarious Mormon crickets form bands that travel far and wide, sometimes marching further than 1 km per day (Lorch and Gwynne, 2000) . There are even accounts of separate bands intersecting one another (MacVean, 1987) , and these band movements will provide opportunities for interpopulation matings and gene flow. Populations in the eastern clade, however, are much less likely to disperse because they inhabit small areas of meadow habitat within mountain canyons and do not move over very long distances (Lorch and Gwynne, 2000) , thereby decreasing the likelihood of gene flow between other solitary populations. Over historical timescales, these different migration rates may have had a homogenizing effect on the genetic structure of gregarious populations and may have facilitated differentiation among solitary populations.
Implications
The specific assumption in Gwynne's (1984) observational work showing different sex roles in Mormon crickets was that eastern Poudre Canyon and western Dinosaur National Monument populations were not genetically different. The mtDNA evidence presented here, however, challenges the implicit assumption that phase polyphenisms, and hence sex role-reversal, in those populations are solely plastic traits, in favour of the idea that phase broadly coincides with an ancient subdivision within the species. As with any example of phenotypic plasticity, exceptions will occur and the Little Brush Creek population provides an example. Further studies must concentrate on improving the geographic sampling to better assess the extent of coincidence between phase and genetic differentiation.
Even though the genetic differentiation seen in Mormon crickets is consistent with subspecies or even species status, such a conclusion should not be based simply on levels of genetic differentiation. What makes this system novel is that a suite of morphological, behavioural and life history traits are broadly coincident with the solitary/gregarious phase difference in addition to the genetic differentiation. If we are correct in considering the differentiation between clades similar to that between subspecies, it will be worth re-examining other trait differentiation between the clades, especially including behaviours and other traits with the potential to influence reproductive isolation and gene flow between these forms.
